The current situation regarding the production, investigation, and processing of polymer-matrix-based nanocomposite materials is reviewed.
The development of the production and investigation of polymer nanocomposites has been fairly complex and has not always lent itself to scientifically sound interpretation in the assessment of their structural features and properties. This has been connected with the fact that scientists and specialists of different countries have taken different scientific approaches to the analysis of polymer nanocomposites. The situation has been complicated by the normal scientific interpretations used for filled composites being employed, without any changes, to analyse the structure and properties of nanocomposites. In view of this, the terminologies used have not always accurately characterised the materials under investigation, which has accordingly introduced additional difficulty when interpreting the process of formation of the supermolecular structure of nanocomposites and consequently their properties. Research on the influence of the technological parameters of processing of nanocomposites on their final properties has been extremely limited. These problems are felt very strongly in the materials science of polymers and in the production, on their basis, of special-purpose structural articles.
In the developed countries, a huge role is being given to the development and production of nanocomposites. For example, in the United States, the priorities in the development of nanomaterials within the framework of the 'Nanotechnological Initiative' national programme are nanocatalysts, fine structural ceramics, high-strength alloys, magnetic nanosystems, materials with special electret properties, and nanostructured coatings. Within countries of the EU (Germany, the United Kingdom, Italy, Sweden, Switzerland) the priorities are nanocatalysts, polymer and metal-polymer nanocomposites, refractory alloys, and super-rapid solidification alloys. In Japan, fine structural ceramics and nanocomposites are the priorities [1] [2] [3] .
Therefore, in this review, we have tried to analyse the available literature in this research area, and to introduce certain corrections into the interpretation of the discovered behaviour patterns in the change in structure and properties of polymer nanocomposites.
Our starting point is that nanocomposites are materials produced by introducing nanosized particles (fillers) into a polymer matrix. They differ from normal filled composites in that the nanoparticle is characterised by a size in the nanometric range (1-100 nm) and a significantly more developed surface area. In this context, the properties of nanocomposites depend to a much greater degree on the morphology of the filler particles and the nature of interaction of components at the phase interface. Here, nanocomposite materials can be subdivided into nanocomposites and nanostructured composites. Nanocomposites are characterised by the presence of nanoparticles in the polymer matrix in a quantity of over 5 wt%. Nanostructured composites comprise materials in which the content of nanosized filler particles does not exceed 5 wt%. In this case, the process of melt cooling is accompanied with the formation of a supermolecular structure that is different from the structure of the pure matrix material. The most common effect is a considerable increase in the mechanical strength of the nanocomposite. The greatest effect of nanostructuring mainly arises when nanoparticles having an extended and geometrically complex shape (nanotubes, nanofibres, nanospiders, etc.), and consequently a more developed surface, are used [1] [2] [3] .
Natural nanocomposites have been used since olden times, despite the fact that the term 'nanocomposites' itself has appeared comparatively recently. This is confirmed by the fact that nanoparticles have long been used in cosmetics as fillers for the manufacture of every possible type of ointment, cream, and so on. The electroplating method of applying metals onto a metal surface and the vacuum metallisation of plastic articles are clear examples of nanotechnology that for a long period of time have been used successfully in industry.
A distinction is made between composite nanomaterials consisting of unbound nano-or submicrosized particles in the form of nanopowder for the formation of thin-layer coatings on the one hand and bulky nanocompositesstructural articles containing nanoparticles dispersed in a solid polymer matrix -on the other [3].
The problem is that the scientific base for the creation and investigation of filled polymer composites has been studied in fair detail, but the principles of the approach to interpreting the discovered behaviour patterns on switching from the micro to the nano level have hardly undergone serious changes. This is possibly due to the fact that, irrespective of the filler particle size, the mechanism of the influence of this factor on the process of formation of the supermolecular organisation in the polymer matrix remains practically unchanged. The difference is seen mainly in the process of formation of a fine spherulitic structure, which has a considerable influence on improvement in the strength characteristics.
Bearing in mind the complexity and inadequate degree of study of the examined problem, it was of interest to dwell in more detail on the achievements of different scientists in the field of the production, investigation, and processing of nanocomposites.
A number of review papers on the nanostructures in different systems have appeared in the literature: in metallic materials [4] , in carbon materials [5] , and in polymeric materials [6] [7] [8] . Before analysing the process of formation of nanostructures in polymer systems, it is necessary to have available sufficiently complete data concerning features of their structure. For example, as a result of a complex study of nanocomposites, two main concepts in the field of nanochemistry began to crystallise: the 'nanoparticle' and the 'nanoreactor'. The principle feature of these concepts is that a nanoparticle is characterised by a microsize, while a nanoreactor characterises only the functional features of the nanoparticle, i.e. the reactor is intended for carrying out chemical reactions in a limited volume, the size of which does not exceed 100 nm [6] .
In comparison with natural materials, polymers are noted for a diverse supermolecular structure and accordingly a different nature of interaction between them. It must be noted in particular that the properties of polymers depend to a large degree on the structure of the macrochains, which exhibit individual features through the supermolecular formations formed by them. The supermolecular structure of polymers formed from nanoparticles on heterogeneous centres of crystallisation generally comprises crystallites of 10-20 nm size [6] .
For a long time, the science of the structure of polymers was based essentially on the concept of the natural nanostructure of the system. Regarding polymers as 'a natural nanomaterial', it was of interest to determine the possible ways of using features of the nanostructures of polymers to change their properties. Here, the need arose to produce nanoreactor structures with account taken of the conditions of their formation. In spite of the fact that nanochemistry as a science was formed comparatively recently, it is already possible to draw the following main conclusions. Firstly, the formation of the molecular structure of polymers in the very initial period occurs at the stage of polymer synthesis by an ion coordination mechanism over complex catalysts. In this case, the morphology, composition, and structural features of the macrochain are formed by the type of catalytic system used. Secondly, the supermolecular structure of the polymers is finally formed during their processing and the production of the structural article. Each processing method -extrusion or injection moulding, pressing, vacuum pneumoforming -introduces its corrections into the process of formation of the supermolecular structure in polymers, which ultimately predetermines their main service characteristics [7, 8] .
In earlier articles [9] [10] [11] [12] , the activity of nanosized systems was explained. Methods were proposed for assessing the activity of nanostructures and nanosized intervals of their effectiveness as a function of size and shape. The use of the parameters of activity of the nanostructures, obtained by quantum-chemical modelling of the processes of their formation in nanoreactors of polymer matrices, was substantiated. Experimental approaches to controlling the processes in nanoreactors were examined, as well as questions of modification using nanostructures of composites and active media.
In Zhirikova et al. [13] , a quantitative scaling model was proposed for predicting the degree of reinforcement of 'polymer/carbon nanotube' nanocomposites. A specific feature of this model is the use of the radius of the ring-shaped structures formed by nanotubes in the polymer matrix to determine the reduction factor. In calculation of the degree of reinforcement of the nanocomposites, the proposed model takes no account of the elastic modulus of the nanofiller.
Often, a filler is introduced into the polymer in order to increase the rigidity of the latter. One of the factors most strongly influencing the degree of reiforcement of nanocomposites is the aggregation of particles of the initial nanofiller [14] . The realisation of this factor for the examined classes of nanocomposites has a different nature. Thus, for finely filled nanocomposites, the spherical initial nanoparticles form aggregates of the same shape with a large diameter. For 'polymer/ organoclay' nanocomposites, the formation of packs (tactoids) of sheets of layered silicate is observed [15] . In this regard, carbon nanotubes (nanofibres) have two specific features. Firstly, they are initially produced in the form of bundles of tangled nanotubes, the dispersion of which is fairly difficult [16] . Secondly, carbon nanotubes possess a very high longitudinal rigidity (a high elastic modulus) and a very low transverse rigidity. This property determines the distortion (deviation from rectilinearity) of the geometry of the initial nanotubes, i.e. their rolling up into ring-shaped structures [13, 14] . At the same time, the formation of aggregates of nanotube bunches indicated above is unlikely, especially at the low nanotube concentrations currently used for the production of polymer nanocomposites.
Technology for producing polymer nanocomposites is not in place, and its development is directed at simplifying and reducing the cost of methods for producing composite materials containing nanoparticles [17] . Carbon nanotubes comprise hollow cylindrical structures with a diameter of tens to several tens of nanometres and a length of one hundred to several hundred micrometres, formed by carbon atoms and comprising a graphene plane rolled up into a cylinder. In spite of the fact that carbon nanotubes are ideal reinforcing materials for polymers, their practical use at the level of industrial production has still been inadequate. One of the main reasons for this is the absence of an ideal technology for uniform nanotube dispersion in the thermoplastic matrix. The technology for mixing nanocomposites can undoubtedly be improved by using different modifying additives, which would avoid the possibility of nanotube agglomerates being formed [17, 18] . The potential use of carbon nanotubes as a consistuent reinforcing filler depends mainly on two factors: the effective distribution of nanotubes in the polymer matrix and the level of filler-polymer interaction. In the course of investigations it was established that the dependence of the strength properties on the content of nanotubes in PP is extremal in nature. When 0.1 wt% carbon nanotubes (CNTs) are introduced into PP, there is a significant increase in its bending strength and a 40% increase in its impact strength. Here, the authors attributed the fall in strength of specimens containing over 0.1 wt% CNTs to the limited mobility of the polymer macrochains on the highly developed surface of the filler. When microtalc is introduced into PP, on the other hand, there is an increase in the tensile strength and a reduction in the bending strength and impact strength by comparison with the initial PP, which distinguishes it from CNTs and carbon nanofibres (CNFs). The optimum microtalc content in a composite with PP amounts to 5 wt%. It is significant that, in the process of investigating the rheological characteristics of nanocomposites containing 1 wt% CNFs and 0.1 wt% CNTs, increase in the rate of flow of these specimens was established. The authors attribute this to the fact that CNFs and CNTs in the melt fulfil the peculiar function of structure-forming agents [17] .
In Ol'khov et al. [19] , the structural parameters of polymer composite materials based on polyethylene, containing 0.5-50 wt% nanocrystalline silicon (ncSi), were calculated. The ncSi is characterised by a number of unique optical and electrophysical properties, which makes it an extremely promising filler for polymeric materials intended for application in different areas of engineering and technology. Polymeric materials based on ncSi are characterised by new and useful properties enabling them to be used as sunshielding films and coatings, photoluminescing and electroluminescing composites, and lightfast dyes. It is of paramount importance to determine the influence of the composition of polymeric composite materials on the behaviour pattern of the change in their structural parameters and properties [19] [20] [21] .
The method of heterophase polymerisation of styrene was used to synthesise composite polymer microspheres with zinc oxide particles on the surface. Heterophase polymerisation is one of the most effective methods for introducing (immobilising) solid particles into submicron particles [22] [23] [24] [25] [26] [27] . By this method, clay, limestone, aluminium oxide, silicon dioxide, carbon black, and magnetic materials were immobilised in a polymer matrix [28] . Inorganic particles were used as nuclei for the formation of polymer particles. The aim of the work was to produce, by heterophase polymerisation, polymer microspheres with zinc oxide nanoparticles on their surface. The urgency of the work is associated with the need to broaden methods for the synthesis of polymeric materials containing inorganic nanoparticles of different morphology. Zinc oxide nanoparticles were obtained by chemical condensation, i.e. by alkaline hydrolysis of zinc salt in alcohol. Here it was established that the size and shape of the zinc oxide nanoparticles depend on the type of solvent used. The kinetic laws governing the polymerisation of styrene in the presence of zinc oxide nanoparticles were studied. It was shown that polymer microspheres have a 'core (polystyrene)-shell (ZnO nanoparticles)' structure and possess antibacterial activity [22, 23] . As a result of immobilisation of inorganic nanoparticles in polymer microspheres, it is possible: to protect the inorganic material with a polymer shell (magnetite, silica), to create markers, the role of which can be played by inorganic material containing carrier particles (magnetite); to create new photoinitiators; to increase the aggregative stability of pigment dispersions; to increase the mechanical properties of materials (silica); to reduce the gas permeability of material through strengthened polymer films (clay), and so on [22] [23] [24] [25] . Fillers are often immobilised in polymer microspheres during heterophase polymerisation of monomers, and here inorganic particles are used as finishing particles in the formation of polymer spheres [26] [27] [28] . By dynamic light scattering it was established that the average diameter of polymer microspheres containing zinc oxide nanoparticles was 65 nm. The authors assume that the process of formation of polymer microspheres with zinc oxide nanoparticles immobilised in them passes through several stages. At the first stage, a stable dispersion of zinc oxide nanoparticles is formed in the hydrocarbon. The second stage presupposes the provision of stability of monomer microdrops containing nanoparticles and an increase in the surface-active properties for their localisation in the surface layer of polymer particles. The third stage consists of polymerisation using potassium persulphate as the initiator [22] .
Petryuk [29] showed the dependence of the volume fraction of interphase layers in particulate-filled polymer composites on the filler dose, the filler particle size, and the filler particle packing density. The influence of the dose and packing density of the filler particles on the content of interphase polymer layer was found. The shape and size of the particles, the specific surface, maximum dense filling of the polymer matrix by particles, and so on, are generally regarded as parameters of the disperse structure [30] [31] [32] . It is noted that one of the main criteria determining the phase structure and the properties of composites with disperse fillers is the occurrence of interphase interaction at the polymer-filler boundary. This is conducive to there being a certain volume of the polymer matrix directly adjacent to the polymer-filler interface that has a structure and properties differing from those in the bulk of the matrix. Thus, on the surface of the particles an interphase layer (IPL) of certain thickness is formed [31] . Data presented by Petryuk [29] indicate that, in the development, according to the established parameters of the disperse structure of the filler and polymer matrix, of the base compositions of new polymer composites, it is possible to a certain degree to predict the optimum doses of the main ingredients. The graphic dependences make it possible to conclude that, in a study of the morphology of the interphase layers in polymer composite materials, it is necessary for the change in the investigated properties of the composite as a function of filler content to occur similarly to change in the volume fraction of IPL.
Gordienko and Sal'nikov [33, 34] conducted a comparative investigation of the molecular and supermolecular structure and also the physicomechanical properties of linear polyethylene containing disperse quartz sand and nanosized pyrogenic silica in the case of the UV irradiation of composite materials. The additives used were quartz sand of 1-7 µm particle size, a near-spherical particle shape, and a specific surface of 3-7 m 2 /g, and 'Asil 300' pyrogenic silica with a specific surface of 329 m 2 /g and a particle size of 20-40 nm. Additives were introduced into PE in a quantity of 0.1-3.0 vol%. It was shown that the chemical interaction of the PE macromolecules with additives introduced during thermomechanical and photochemical interactions depends largely on the nature of the surface of their particles. The greatest activity is seen in the case of nanosized silicon dioxide. Here, during melt cooling, structure formation of the PE and crystallisation of the macromolecules at the initial moment in time proceed on the surface of inorganic particles chemically bound with the polymer matrix. Earlier, this assumption was confirmed for the case of PE and highly disperse TiO 2 [35] .
The possibilities of using nanosized fillers to increase the physicomechanical properties of plastic foams based on organosilicon binders were studied. The expediency of using CNTs in small quantities (0.05-0.2 wt%) to increase the maximum compression strength and compression set under maximum load was shown [36] . In this study, the possibility of increasing the physicomechanical properties of plastic foams based on heat-resistant and non-flammable organosilicon polymers by introducing nanosized fillers was examined. Carbon nanotubes (CNTs), nanosilicon, silicon nanocarbide, and iron nanocarbide were used as the fillers. The choice of the most studied and well-used CNTs was governed by the established effect of simultaneous increase in rigidity, strength, and plasticity of CNT-modified composites (for example, based on epoxy oligomers and phenylone [37] ). The formation of densely packed interphase regions on the surface of the nanotubes and consequently the change in the molecular and structural characteristics of the polymer matrix are accompanied with an increase in its elastic deformation properties. The introduction of nanofillers such as CNTs and silicon carbide, silicon, and iron oxide nanopowders in small quantities (up to 0.5 wt%) into organosilicon plastic foams based on oligoorganosiloxanes makes it possible to improve their physicomechanical and service characteristics. At the same time, it must be pointed out that the given effect of improvement in properties may be individual for each additive introduced and, it seems, may not be predicted only with their average size and specific surface taken into account.
Simonov-Emel'yanov et al. [38] presented data on the influence of generalised parameters, composition, and structure on the properties of particulate-filled nanocomposite materials (PFNCs). The characteristics of different nanofillers were given, and generalised parameters of the structure of PFNCs, which determine their processing and service properties, and also the choice of effective method for their processing, were calculated. The differences in particulate-filled structure for particulate-filled polymer composite materials (PFPCMs) and PFNCs were shown. The main laws governing the structure formation in PFPCMs with the use of nanoparticles were examined from the viewpoint of describing their structure in generalised parameters. All calculated structural parameters were given for PFPCMs with an ideal (uniform) distribution of nanoparticles in the polymer matrix. Questions of the distribution and dispersion of nanoparticles in highly viscous polymer matrices and solutions were not considered here, as this represents an independent technological problem of PFPCM production and processing. To describe the structure of PFPCMs, both basic and generalised parameters were used [38, 39] :
• basic parameters: k c -the shape factor of the particles, d av -the average diameter of the particles, S sp -the specific surface of the particles, P -the porosity of the filler particles, r -the pore radius, j m -the maximum filler fraction, j f -the filler content;
• generalised parameters: a av -the mean statistical distribution between particles in the PFPCM, j free -the free filler fraction, θ -the free polymer part going on separating the particles in the PFPCM, B -the inaccessible polymer part between the particles with j m = j f .
The introduction of generalised parameters of PFPCMs enabled Simonov-Emel'yanov [39] for the first time at a quantitative level to classify them according to the structural principle and to divide them into four separate groups: low-filled, medium-filled, highly filled, and ultrahighly filled. It must be noted in this case that the processing and service properties and also the choice of processing method and regimen for PFPCMs depend largely on the difference in the structural parameters of the groups in the PFPCM composition. For the case of nanofillers such as silicon dioxide, aluminium oxide, and fine colloidal silica of grade BS-50, fairly full information was given about the structural parameters of PFPCMs in terms of their composition, and comparative data in terms of their structure formation.
Thus, the models and methods proposed by SimonovEmel'yanov et al. [38, 39] for calculation of the parameters of a particulate-filled structure represent a general approach to describing the structure formation of disperse systems and make it possible to create compositions for particulate-filled and nanocomposite polymeric materials with the required processing and service properties.
Ultrahigh-molecular-weight polyethylene (UHMWE) is a promising polymer meeting the more stringent service requirements and intended for use in practically all areas of modern engineering and technology. UHMWPE is actively used both independently and in composites with other diverse polymers and fillers. The high molecular weight provides UHMWPE with good physicomechanical characteristics, cold resistance, wear resistance, resistance to aggressive media, and a low friction coefficient [40] . Along with this, composite materials based on UHMWPE that contain fillers and functional additives are characterised by considerably better service properties by comparison with the pure polymer. Here, it should be pointed out in particular that the use of nanodisperse fillers is a comparatively new and extremely effective method for modifying the structure and properties of UHMWPE that makes it possible to produce a material with a unique combination of physicomechanical characteristics. It should be noted that the adhesion at the 'polymer-inorganic filler' boundary has a considerable influence on the possibility of uniform dispersion of the filler in the polymer matrix [41] . To improve the adhesion in the polymer-filler system, a great deal of attention has been paid to modifying the surface of fine silica particles with alkyloxysilyl groups in the vapour of the corresponding alcohol by molecular layering.
Taking into account the specific features of UHMWPE processing, according to which, on melting, transition from the crystalline to the viscous flow state via the rubbery state occurs, the moulding of specimens of composite polymeric material was carried out by thermal pressing at a temperature of 180°C with a mould pressure of 10 MPa and a holding time of 20 min. This is due to the fact that PE with a molecular weight of over 1 000 000 can hardly be extruded, and shear flow is converted to near-wall slip of the elastic melt. The methods most widely used for the processing of UHMWPE include hot pressing, cold pressing with subsequent sintering, plunger extrusion, and also spraying in an electric field or gas plasma spraying [40] .
The traditional equipment for the melt mixing of polymers with fillers is likewise unsuitable for UHMWPE, and therefore dry mixing of the polymer powder with powder fillers and modifiers is normally used. Often, for the mixing of UHMWPE with modifiers, high-speed paddle mixers can be used successfully, where the principle of converting granular material to the fluidised state is employed. In particular, this mixing method was used successfully to produce a flame-resistant composite based on UHMWPE [42] . However, traditional approaches for the mixing of normal polymers with macro-, micro-, and nanosized fillers and modifiers are not fully applicable to UHMWPE. This is primarily due to the difficulty of uniform dispersion of nanoparticles in the viscous polymer volume owing to their strong tendency to aggregate. In order to increase the affinity of nanoparticles for the polymer matrix, and to break down forming aggregates, it was of interest to mix nanosized powder with polymer powder in a ball mill [43] . Owing to breakdown of nanofiller agglomerates, increase in the effective surface of the polymer particles, and change in the supermolecular organisation of the UHMWPE without rupture of intramolecular bonds, mechanoactivation of the polymer matrix, increase in its structural activity, and the provision of a uniform distribution of particles within the polymer occur. At the same time, the uniformity of distribution of nanofiller particles in the polymer matrix makes it possible to get maximum use out of the potential for polymer-filler interphase interactions, which promotes an increase in the physicochemical and service characteristics of materials at lower nanofiller particle concentrations. In the case of filling with modified fine colloidal silica, the elastic modulus of the material increases up to a degree of filling of about 10%, after which there is a sharp reduction. The obtained data open up new possibilities for producing composite materials based on UHMWPE that contain different inorganic nanodispersed fillers [42] .
In Bashorov et al. [44] , linear amorphous polymers are regarded as natural nanocomposites within the framework of a cluster model of the structure of the amorphous state of polymers. It was found that between the nanoclusters and the loosely packed matrix there is no adhesion, but strong friction exists. This effect suggests fairly weak reinforcement of the given polymers by the nanoclusters. It is obvious that, by virtue of features of their structure, polymer systems are not always nanostructural systems [6, 45] . Authors interpret this in different ways. For example, Malamatov's [46] cluster model of the structure of the amorphous state of polymers [47] assumes that the indicated structure consists of regions of local order (clusters) embedded in a loosely packed matrix. This makes it possible to regard this structure as the matrix of a natural nanocomposite, and the clusters as a nanofiller. Therefore, for the case of amorphous glassy polymers such as polycarbonate and polyarylate, the aim of Bashorov et al. [44] was to investigate the mechanism of strengthening of the elastic modulus (E n ) as the relative proportion of nanoclusters (j cl ) increased. Polycarbonate based on bisphenol-A (PC) and polyarylate based on a mixture of iso-and terephthalic acids (PAr) were used. In an examination of amorphous glassy polymers as natural nanocomposites it was established that in the temperature range investigated there was no adhesion between the nanoclusters and the loosely packed matrix of PC and PAr. At the same time, a large friction coefficient was observed between them. Increase in the degree of reinforcement as the relative content of nanoclusters increases is ensured by the strong friction between the indicated structural components of natural nanocomposites. There are grounds for assuming that the actual method for increasing the elastic modulus in these polymers may be connected only with ideal adhesion existing between their structural components [44] .
In tribological polymer materials science, the problem of the size of the filler particles is always central. As techniques improved and the problems normally confronting material scientists in the creation of composite polymeric materials became more complicated, the same problem associated with optimisation of the size of the filler particles arose. There was an increasing trend towards using fillers noted for an ultrafine size. In this connection, in recent years, increasing attention has begun to be paid in polymer tribology to the use of nanosized fillers [48] . With account taken of the future potential for using nanofillers, nanotribological materials science has largely solved specific problems, thereby opening up and developing new ways and methodologies for producing high-quality structural articles.
As pointed out by Krasnov et al. [48] , a number of authors [49] [50] [51] , on the basis of the chemical nature of nanofillers, use their 'natural' classification. According to this, the classification of nanofillers is subdivided into metal-containing, ceramic, carbon, and nanoclays. It is significant that in biomedical tribology the production of nanofilled composites presents additional complications. This is due to the fact that the introduction of solid particles of <30 nm size into the polymer matrix conceals a great risk to human health, as they can penetrate through cell walls. The situation called for a search for special and controllable approaches to the creation of nanosized materials to be used in medicine, in particular for the production on their basis of endoprosthetic joints [48] . The basis of this research was established earlier by Krasnov et al. [52] , who examined questions of the classification of nanofillers for polymer composites. An interesting and little studied direction in polymer nanotribology is the formation of a discrete contact on the friction surface. In friction interaction, a discrete contact comprises alternation on the surface of one of the contacting bodies of areas with sharply differing physicomechanical properties. A discrete contact is possible when the rubbing surface is a field with continuously alternating areas of greatly differing properties. This is possible only at high nanofiller concentrations, which not only leads to the formation of a discrete contact but also promotes a decrease in the main physicomechanical characteristics of the material. This creates a fairly complex problem for the production of wear-resistant nanocomposite materials, especially when creating antifriction materials.
A solution to this problem became possible owing to the use of the method of producing 'nanoporous ultra-highmolecular-weight polyethylene' with the use of supercritical carbon dioxide (sCO 2 ) [53] . The production of modified UHMWPE with improved wetting properties occurred mainly through the formation during friction of a discrete microporous surface that was transformed gradually during re-deformation into a continuous surface film.
The introduction into UHMWPE (sCO 2 ) of small quantities of nanosized Ag or disperse hydroxyapatite (HAP) stabilises the discrete contact. The influence of such a 'solid' stabiliser can be seen in a considerable improvement in the antifriction properties of the nanomaterial, and here, in terms of effectivness, nanosilver is far superior to HAP [48] .
A promising direction in the area of the creation of new chemicopharmaceutical drugs is the development of drug forms of biodegradable polymer films containing silver nanoparticles. Such films generally possess prolonged therapeutic and bactericidal properties [54] . Here, the synthesis of stable silver nanoparticles of prescribed shape and size that for a long period of time retain a high chemical and biological activity is one of the most important problems. Yunusov et al. [55] synthesised silver nanoparticles stabilised in a solution of sodium carboxymethyl cellulose with a degree of substitution of 0.85 and a degree of polymerisation of 600. The structure, physicochemical properties, mechanical properties, and microbicidal activity of films obtained from a sodium carboxymethyl cellulose solution that contained silver nanoparticles were studied. Transmission electron microscopy, atomic force microscopy, and UV spectroscopy were used to determine the shape, number, and size of silver nanoparticles present in films of sodium carboxymethyl cellulose. It was established that, with increase in the concentration of silver nitrate in sodium carboxymethyl cellulose solutions, and also in films in the process of photoirradiation, there is a change in the size and shape of the silver nanoparticles. The shape, size, and number of silver nanoparticles determine their biological activity. It was shown that, with increase in the number of silver nanoparticles of 5-25 nm size, there is an increase in the microbicidal activity of carboxymethyl cellulose films [55] .
The mechanical and thermomechanical properties of films of metal-containing epoxy composites based on silver nanoparticles, synthesised in situ, were investigated [56] . The non-monotonic dependence of mechanical properties on precursor (silver myristate) concentration was established. For the first time, increases in tensile strength and elastic modulus by a factor of 1.8-1.5 were found by comparison with the unmodified matrix with a low concentration of nanoparticle precursor (of the order of 0.1 wt%). Differential scanning calorimetry (DSC) and the thermomechanical method showed a slight decrease in the glass transition temperature of the modified epoxy matrix (by 5-6°C) with increase in the precursor concentration to 0.5 wt%, indicating its weak plasticisation. On the basis of spectrometry data, in the region of surface plasma resonance of silver nanoparticles (420-425 nm) and SEM data, it was concluded that strengthening of the epoxy nanocomposite in situ based on epoxy resin ED-20, triethanolamine, and silver myristate is achieved by the formation during curing of nanoparticles of less than 20 nm size and characterised by a narrow size distribution.
Nuriev et al. [57] investigated the electret properties of corona electrolytes based on PTFE, which were subjected to orientation drawing in an adsorption-active medium (AAM). It was shown that orientation drawing in the AAM leads to the formation on the surface of the film of crazing at the nanosized level. These formations can act as energetically deep trapping sites in the polymers. Of great importance in the charging of polymer films by a corona discharge is their surface state. In nonpolar polymer films, the stability of the electret state is determined by the localised states of the trapping sites, i.e. by the concentration of energetically active traps on the surface and in the bulk of the films. Here, in composite and structured materials, the surface traps are sometimes deeper than the traps in the bulk of the material [57] [58] [59] . The orientation drawing of films of 20 µm thickness was conducted in a 30% solution of isopropanol-water with different exposure times and under a constant load of 7.5 MPa. The structure and electret properties of corona-charged PTFE specimens before and after drawing were assessed by atomic force microscopy. Comparing AFM data, it was established that the surface of films oriented for 4 h has a wavy structure with a depth of 90 nm, while films subjected to prolonged (24 h) holding have deeper (120 nm) pores in the form of 'grooves'. Here, the surface of the initial film has a relatively smooth surface with a depth of 40 nm.
Thus, a porous nanostructure is formed on the surface of PTFE by the mechanism of crazing formation, which leads to an increase in the effective surface and to an increase in the concentration of surface traps for electret charges. This last circumstance promotes an improvement in its electret properties as a result of increase in the localised states of the trap sites in the near-surfce layer of the polymer [56] .
In other studies [60] [61] [62] [63] [64] the results of investigating the influence of the concentration of nanoparticles and graft copolymer (modifier) on the main physicomechanical characteristics of styrene plastics were examined. The limiting concentrations of nanoparticles with which the maximum strength properties are achieved were determined. An interpretation of the failure of filled polymer composites was given.
It is well known that, in the production of structural articles, the plastics widely used include styrene plastics such as polystyrene (PS), high-impact polystyrene (HIP), and also nitrile butadiene styrene copolymer (ABS), the industrial production of which increases with each passing year. However, the existing properties of industrial specimens of styrene plastics are not always sufficient to satisfy the more stringent service requirements. Therefore, actions are being taken to improve the properties of styrene polymers by introducing different modifiers -plasticisers, stabilisers, fillers, and so on. Research into producing filled composites of styrene polymers, in particular using nanoparticles, is very limited. This is often due to the relative brittleness of the initial styrene polymers. Polymer nanocomposites are characterised by isotropy of properties, the optimum of which is achieved with a degree of filling sufficient to ensure adsorption of the entire volume of binder on the surface of the filler particles [63] [64] [65] [66] [67] .
In order to improve the properties of industrial specimens of HIP and ABS as modifiers, nanoparticles based on a mixture of copper oxides (CuO/Cu 2 O), obtained by the procedure described by Alieva et al. [68] , were used, and also a synthesised graft copolymer comprising graft rubbers -a graft copolymer of atactic polypropylene (PP) with graft styrene units [poly(propylene-g-styrene)] and a graft copolymer of atactic polypropylene with graft styrene units with acrylonitrile (SAN) [poly(propylene-g-SAN].
Bearing in mind that an informative method for investigating glassy polymer composites is the thermomechanical method of analysis of their deformation characteristics, the temperature regions of transition of amorphous polymers from the glassy to the rubbery state and then to the viscous flow state were determined. It was established that the introduction of CuO/Cu 2 O nanoparticles leads to a marked increase in their glass transition temperature. For example, with 20 wt% nanofiller in PS, HIP, and ABS, the glass transition temperature increases by 18-23°C. The glass transition temperature is not a thermodynamic point, and it is related mainly to the start of the appearance of macrochain mobility. The results obtained can be interpreted as the interaction of macromolecules and globular supermolecular structure with the surface of the nanoparticles leading to the formation of an additional structural network. This demonstrates that the mobility of polymer macrochains on the surface of the filler particles is reduced. The introduction of highly disperse fillers (nanoparticles) into an amorphous and glassy polymer leads to thixotropic structure formation: filler particles bound with each other via interlayers of pure polymer form chains and networks that reinforce the material [69] . The orientation effects close to the surface of particles promote intensification of intermolecular interactions and lead to a change in the thermomechanical properties of the polymer. As a result of this interaction of macromolecules with the filler surface, their conformational mobility is made more difficult and consequently there is an increase in the softening point and flow of the polystyrene [21, 64, 70] .
Kakhramanov and Azizov [71] examined the influence of the concentration of nanoparticles and modifier (graft copolymer) on the combination of properties of industrial specimens of HIP and ABS copolymer as a function of the processing parameters. The influence of the temperature regime, the injection moulding pressure, the holding time under pressure, and the mould temperature on the strength properties and volume shrinkage of polymer composites filled with CuO/Cu 2 O nanoparticles was established. With increase in moulding pressure and temperature, there is a general trend towards increase in all strength properties of HIP-based specimens. The greatest values of the strength properties were established in those specimens that were obtained under a moulding pressure of 150 MPa and at a higher processing temperature. This is due to the fact that, firstly, with increase in the injection moulding temperature there is an increase in the rate of filling of the mould, and secondly, with higher values of the temperature regime there is an improvement in melt flow. Together, all these factors simultaneously promote more rapid and more complete filling of the mould and increased compaction of the material. According to the obtained experimental data, with increase in the moulding temperature and pressure, the strength properties increase by 9-12%. At the same time, with increase in mould temperature and in holding time under pressure, there is a consistent reduction in volume shrinkage (practically tenfold). The influence of the above injection moulding parameters is expressed in a certain change in the strength characteristics of the filled composites. For example, with increase in the mould temperature from 298 to 348 K and in the holding time under pressure from 5 to 30 s, the stress causing failure, the bending strength, and the impact strength increase by 9.0, 9.0, and 3.0% respectively.
In an investigation of the influence of injection moulding parameters on the main service properties of filled composite materials based on ABS modified with 10 wt% CuO/Cu 2 O nanoparticles, it was found that, with increase in mould temperature and holding time under pressure, there is an increase in the stress causing failure, the bending strength, and the impact strength by 50.0, 5.0, and 3.0% respectively. Thus, summing up the advances achieved by different authors in the field of the production and investigation of polymer nanocomposites, it can be assumed that the plastics industry will experience a constant demand for improvement in the technology of their production and use. Numerous investigations conducted by scientists and specialists in this area again confirm the as yet not fully exposed potential for improvement in the quality of polymer nanocomposite materials. This is due to the fact that, to control the structure and accordingly the properties of polymeric materials, we should, above all, correctly formulate the aims and tasks of conducted research with account taken of the anticipated improvement in their service characteristics. It is pertinent to note that nanoparticles should not be regarded as a 'panacea for all woes', and therefore it is necessary to approach their practical application in the composition of a polymer matrix in a reasoned manner and with the end target of investigation taken into account. Whereas we might observe an improvement in one or two characteristics of nanocomposites, this will be accompanied in certain cases with a certain deterioration in other properties. And this is not at all a shortcoming, but a consistent, anticipated process. Therefore, in the development of a research strategy, we should begin primarily by selecting the priority properties of nanocomposites and by taking a systematic selective approach to improving their quality. The fact that the scientific base for the development and investigation of new polymer-matrix composites has been comparatively well developed, and that the principles of experimental design and development have not undergone any fundamental changes on transition from microsized to nanosized filler particles, must be noted.
Today, the demand for the use of new types of composite maerial is being felt in sectors of industry such as electronics, engineering, radio engineering, aviation, the motor industry, medicine, cosmetics, and so on [72] . It is obvious that the future development of mankind will be inextricably linked with nanotechnology and the use of high-quality nanocomposite structural articles.
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